A dipose tissue expresses various secretory proteins, including leptin, tumor necrosis factor-␣ (TNF-␣), and plasminogen activator inhibitor type 1, 1-5 which may contribute to the development of cardiovascular diseases. 4 Although obesity, defined as excess body fat, is frequently accompanied by cardiovascular diseases, 6 -8 the molecular basis for the link between obesity and vascular disease has not yet been fully clarified. From an extensive search of the human adipose tissue cDNA library, we isolated an adipocytespecific cDNA encoding a 244-amino-acid protein, adiponectin, that is homologous to collagen VIII and X and complement factor C1q. 9 Adiponectin is the most abundant gene product in adipose tissue 9 and accounts for 0.01% of total plasma protein. 10 Plasma adiponectin level was decreased in obesity. 10 We recently demonstrated that adiponectin inhibited TNF-␣-induced expression of endothelial adhesion molecules and that plasma adiponectin level was reduced in patients with coronary artery disease (CAD), 11 suggesting that, like other adipocyte-derived endocrine factors, adiponectin may directly relate to the development of vascular diseases. However, the molecular mechanism by which adiponectin inhibited TNF-␣-inducible adhesion molecule expression has not been clarified.
Endothelial cell activation by various inflammatory stimuli, including TNF-␣, increases the adherence of monocytes, which is considered a crucial step for the development of vascular diseases. 12 The expression of endothelial adhesion molecules, including vascular cell adhesion molecule-1 (VCAM-1), endothelial-leukocyte adhesion molecule-1 (Eselectin), and intracellular adhesion molecule-1 (ICAM-1), is considered to play a pivotal role in this monocyte adhesion to arterial endothelium. 12 The transcriptional factor nuclear transcription factor-B (NF-B) is an important factor involved in the transcriptional regulation of VCAM-1, E-selectin, and ICAM-1 stimulated by TNF-␣. 13 We hypothesized that adiponectin might modulate endothelial functions through inhibition of the NF-B pathway.
In this study, we investigated the proposition that adiponectin suppressed TNF-␣-induced NF-B activation in human aortic endothelial cells (HAECs) via a cAMPdependent pathway.
Methods

Cell Culture
HAECs (Clonetics) were maintained in 10-cm plastic plates precoated with type I collagen (Becton Dickinson) as previously described. 11 For experiments on TNF-␣ induction, HAECs in a confluent state were preincubated for 18 hours in medium 199 (Gibco) containing 0.5% FCS and 3% BSA with the indicated amount of adiponectin, then exposed to human recombinant TNF-␣ (R&D systems) or vehicle at a final concentration of 10 U/mL for the times indicated. Human recombinant adiponectin was prepared as previously described. 10 Cells were pretreated for 1 hour with 200 mol/L of the adenylate cyclase inhibitor dideoxyadenosine (ddAdo) (Calbiochem), 10 mol/L of the protein kinase A (PKA) inhibitor R-p-cAMP (Rp-cAMP) (Calbiochem), or vehicle.
Association of Adiponectin With HAECs
Recombinant adiponectin was biotinylated with NHS-LC-Biotin (Pierce). HAECs (5ϫ10 4 cells/well in 96-well plates) were incubated with the indicated amount of biotinylated adiponectin for 1 hour at 37°C. Cell-surface association of biotinylated adiponectin was quantified by ELISA with streptavidin-conjugated horseradish peroxidase (HRP) and o-phenylenediamine dihydrochloride. The absorbance was measured at 492 nm. The data were represented by subtracting the amount of association in the presence of 100-fold excess unlabeled adiponectin from the total association.
TNF-␣ Binding Assay
HAECs (2ϫ10 5 cells/well in 24-well plates) were incubated for 18 hours with the indicated amount of adiponectin in medium 199 containing 0.5% FCS and 3% BSA. Cells were rinsed with ice-cold medium 199 containing 5% BSA (binding medium), and the medium was replaced with ice-cold binding medium containing 0.5 nmol/L 125 I-labeled human recombinant TNF-␣ (Amersham). After 1-hour incubation at 4°C, cells were washed 3 times with ice-cold binding medium and lysed with 0.5 mol/L NaOH, and radioactivity was determined by scintillation counting. Specific binding was calculated by subtracting the counts in the presence of 1000-fold excess unlabeled TNF-␣.
Electrophoretic Mobility Shift Assay
The double-strand oligonucleotides containing the NF-B consensus sequences (Gibco) were end-labeled with [ 32 P]dATP (DuPont-NEN) with thyroxine polynucleotide kinase. Nuclear extract (10 g protein) prepared as previously described 14 was incubated with 1ϫ10 5 cpm 32 P-labeled oligonucleotide for 20 minutes at room temperature in a binding buffer (Gibco). Electrophoresis was carried out with 5% native polyacrylamide gels. Gels were vacuum-dried and exposed to x-ray film overnight. In antibody supershift assays, nuclear extracts were preincubated with the antisera to p65, p50, p52, or c-Rel (Santa Cruz Biotechnology) for 30 minutes before the addition of the labeled probe. Competition studies were performed by addition of 100-fold excess unlabeled oligonucleotide to the binding reaction.
Immunoblot Analysis
Whole-cell lysates were resolved on 12.5% SDS-PAGE gels, followed by electrophoretic transfer to nitrocellulose membranes (Amersham). The membranes were exposed to primary antibodies, then exposed to secondary antibodies conjugated to HRP. The antibody was detected with a Phototope-HRP Western Detection Kit (New England Biolabs). Primary antibodies were anti-phospho-specific IB-␣ (Ser32) rabbit polyclonal antibody, anti-IB-␣ rabbit polyclonal antibody, anti-phospho-specific Jun N-terminal kinase (JNK) (Thr183/Tyr185) rabbit polyclonal antibody, anti-phospho-specific p38 kinase (Thr180/Tyr182) rabbit polyclonal antibody, antiphospho-specific Akt kinase (Ser473) rabbit polyclonal antibody (all New England Biolabs), and anti-GAPDH mouse monoclonal antibody (Biogenesis).
cAMP Measurement
HAECs (2ϫ10 5 cells/well in 24-well plates) were stimulated with the indicated amount of adiponectin in medium 199 containing 0.5% FCS and 3% BSA for 18 hours. Dishes were placed on ice, and media were changed to ice-cold PBS to terminate the reaction. Intracellular cAMP was determined with an enzyme immunoassay kit (Amersham) according to the manufacturer's instructions.
Slot Blot Analysis
Total cellular RNA was prepared from HAECs by RNA-Trizol extraction (Gibco). For slot blot analysis, 0.1 to 10 g of total RNA was denatured and applied directly to nylon membranes (Amersham). The membranes were hybridized with human VCAM-1, E-selectin, or ICAM-1 probes labeled with [␣-32 P]dCTP by means of a random-primer labeling system (Amersham) as previously described. 11 Hybridization signals were quantified by scanning the films with a densitometer and comparing slopes (obtained by linear regression analysis) of signal areas versus total RNA loaded. We confirmed that each signal of VCAM-1, E-selectin, or ICAM-1 was detected as a single band by Northern blot analysis. 11
Results
Binding of Adiponectin to HAECs
To estimate the direct interaction between adiponectin and HAECs, we established a cell ELISA using biotinylated adiponectin. Biotinylated adiponectin interacted significantly with HAECs ( Figure 1 ). The association of biotinylated adiponectin with HAECs occurred in a saturable manner at physiological concentrations (3 to 30 g/mL) of adiponectin ( Figure 1A ) and was significantly suppressed by antiadiponectin monoclonal antibody, ANOC 9104 ( Figure 1B) , suggesting that adiponectin specifically binds to HAECs.
Adiponectin Does Not Affect TNF-␣ Binding to HAECs
We recently demonstrated that adiponectin inhibited TNF-␣-induced adhesion molecule expression in HAECs. 11 To determine whether this inhibitory action of adiponectin was due to the inhibition of TNF-␣ binding to its receptor on HAECs, we performed a TNF-␣ binding assay. No significant difference was observed on 125 I-labeled TNF-␣ binding between physiological concentrations of adiponectin-treated and nontreated HAECs (Figure 2 ). In addition, adiponectin treatment did not affect the cell-surface expression of TNF receptors determined by flow cytometry (data not shown). These results suggest that adiponectin suppressed the TNF-␣-induced signaling pathway at the postreceptor level.
Adiponectin Specifically Inhibits the IB-␣-NF-B Pathway Stimulated by TNF-␣
NF-B plays an important role in the transcriptional regulation of endothelial adhesion molecules stimulated by TNF-␣. 13 We next examined the effect of adiponectin on TNF-␣-induced NF-B activation in HAECs by electrophoretic mobility shift assays using radiolabeled NF-B consensus oligonucleotides. Adiponectin treatment decreased the amount of DNA-binding complex induced by TNF-␣ stimulation ( Figure 3A, lanes 1 to 4) , indicating that adiponectin suppressed TNF-␣-induced NF-B activation. In addition, antibody supershift experiments using antisera to Rel family members ( Figure 3A , lanes 5 to 8) indicated that the TNF-␣-inducible NF-B complex was composed of p65 and p50 in HAECs. The specificity of NF-B DNA-binding complex was further confirmed by competition analyses using 100-fold excess cold unlabeled NF-B oligonucleotide ( Figure  3A, lanes 9 and 10) .
The activation of NF-B stimulated by TNF-␣ is controlled by the rapid phosphorylation and degradation of the cytoplasmic inhibitor IB-␣. [15] [16] [17] To determine whether adiponectin affects the phosphorylation of IB-␣, we examined the phosphorylation of IB-␣ in HAECs using phosphospecific IB-␣ antibody. The proteasome inhibitor MG132 was added 1 hour before TNF-␣ stimulation to stabilize the phosphorylated form of IB-␣. 16 Without adiponectin pretreatment, TNF-␣-induced phosphorylation of IB-␣ peaked at 20 minutes after TNF-␣ stimulation ( Figure 3B ). Adiponectin pretreatment significantly suppressed TNF-␣-stimulated IB-␣ phosphorylation ( Figure 3B ). Furthermore, the suppressive effect of adiponectin on TNF-␣-induced IB-␣ phosphorylation was blocked by cotreatment with adiponectin and anti-adiponectin monoclonal antibody, ANOC 9104 ( Figure 3C ), suggesting that this suppressive effect of adiponectin might be generated by specific interaction between adiponectin and HAECs. Without MG132 pretreatment, the total IB-␣ protein amount was markedly decreased at 30 minutes after TNF-␣ stimulation and returned to basal levels at 60 minutes ( Figure 3D, lanes 1 to 3) . Adiponectin pretreatment significantly blocked TNF-␣-mediated degradation of IB-␣ protein at 30 minutes in the absence of MG132 ( Figure  3D , lane 5). TNF-␣ has been reported to activate several signaling pathways, including the JNK, p38, and Akt kinase pathways. 18 -20 In contrast to IB-␣, adiponectin pretreatment had no effect on TNF-␣-mediated phosphorylation of these kinases ( Figure 3E ).
Inhibitory Mechanism of TNF-␣-Induced IB-␣ Phosphorylation by Adiponectin
Previous reports showed that elevation of cAMP reduced NF-B activity through stabilization of IB-␣. 21, 22 Adiponectin treatment dose-dependently increased cAMP levels in HAECs ( Figure 4A ). Pretreatment of HAECs with low doses of exogenous cAMP (dibutyryl cAMP) (0.5 to 10 mol/L) for 18 hours dose-dependently reduced TNF-␣-induced IB-␣ phosphorylation ( Figure 4B ), suggesting that the inhibitory effect of adiponectin on the NF-B pathway could be mimicked by other ways to increase cAMP. To examine whether adiponectin modulates TNF-␣-induced IB-␣ phosphorylation through a cAMP-dependent pathway, we next investigated the effect of ddAdo, a potent inhibitor of adenylate cyclase that is responsible for the generation of cAMP, on the inhibition of TNF-␣-induced IB-␣ phosphorylation by adiponectin. The suppressive effect of adiponectin on TNF-␣-induced IB-␣ phosphorylation was blocked by pretreatment with ddAdo (200 mol/L) ( Figure 4C ). Because cAMP is known to activate PKA, we examined the effect of the specific PKA inhibitor Rp-cAMP on IB-␣ phosphorylation. Pretreatment with Rp-cAMP (10 mol/L) also blocked the inhibitory effect of adiponectin on TNF-␣-induced IB-␣ phosphorylation ( Figure 4C ). Pretreatment with ddAdo or Rp-cAMP did not interfere with TNF-␣-induced IB-␣ phosphorylation in the absence of adiponectin (data not shown). In addition, pretreatment with ddAdo or Rp-cAMP reversed the suppressive effect of adiponectin on TNF-␣-induced VCAM-1, E-selectin, or ICAM-1 mRNA levels measured by slot blot analysis ( Figure 4D ). These results indicated that this inhibitory effect of adiponectin is mediated through activation of cAMP-PKA pathway.
Discussion
In the present study, we demonstrated that adiponectin specifically suppressed TNF-␣-induced IB-␣-NF-B activation through a cAMP-dependent pathway in HAECs. This finding indicated that adiponectin acts as an endogenous modulator for endothelial inflammatory response. NF-B is known to play a central role in the regulation of inflammatory reactions in various types of cells. 23, 24 NF-B activation by various inflammatory cytokines, including TNF-␣, results in the induction of endothelial adhesion molecules, such as VCAM-1, E-selectin, and ICAM-1, that participate in the recruitment of leukocytes to inflammatory lesions. 12, 13 This abnormal leukocyte adhesion to the vascular wall is considered crucial for the development of atherosclerosis. 12 Activated NF-B has been reported to be present in human atherosclerotic lesions. 25 We have found that adiponectin suppressed TNF-␣-induced adhesion molecule expression on HAECs. If adiponectin could modulate the excess inflammatory response, this natural substance in blood circulation might prevent atherogenesis as an anti-inflammatory factor.
It is a matter of great importance to clarify a molecular link between fat accumulation and vascular disease, because obesity is associated with increased cardiovascular mortality for times indicated. Whole-cell lysates were fractionated by SDS-PAGE followed by immunoblotting with anti-phosphospecific IB-␣ antibody. GAPDH was used as internal standard. C, Effect of ANOC 9104 on inhibition of IB-␣ phosphorylation by adiponectin. After 18-hour treatment with adiponectin (50 g/mL) in presence or absence of ANOC 9104 or nonimmune IgG (50 g/mL), HAECs were incubated for 1 hour with MG132 (20 mol/L) and stimulated for 20 minutes by TNF-␣ (10 U/mL). Whole-cell lysates were immunoblotted with anti-phosphospecific IB-␣ antibody. D, Degradation of IB-␣ induced by TNF-␣ without adiponectin (lanes 1, 2, and 3) or with adiponectin (lanes 4, 5, and 6). HAECs were preincubated for 18 hours with or without adiponectin (50 g/mL), then treated with TNF-␣ (10 U/mL) for times indicated. Whole-cell lysates were immunoblotted with anti-IB-␣ antibody. E, Phosphorylated form of JNK (top), p38 kinase (middle), or Akt kinase (bottom) induced by TNF-␣ (10 U/mL) without adiponectin (lanes 1, 2, and 3) or with 50 g/mL of adiponectin (lanes 4 and 5). HAECs were treated by same procedure as in D. Whole-cell lysates were immunoblotted with anti-phospho-specific JNK antibody, anti-phosphospecific p38 kinase antibody, or anti-phospho-specific Akt kinase antibody. Data from 1 representative experiment of 3 are shown. and morbidity. 6 -8 Adiponectin is an adipocyte-derived plasma protein that is abundantly present in the human blood stream. 10 Plasma adiponectin levels in obese subjects were significantly lower than those in nonobese subjects, 10 although adiponectin is expressed only in adipose tissue. Recently, we investigated the possibility that plasma adiponectin levels were significantly low in patients with CAD compared with those in age-and body mass index-adjusted control subjects, 11 suggesting that the decreased plasma adiponectin level may relate to the development of CAD through endothelial dysfunction. Overall, the measurement of plasma adiponectin levels may be beneficial in assessment of CAD risk, although a prospective study is necessary to clarify the relationship between CAD and reduced levels of plasma adiponectin.
NF-B inducing kinase (NIK) phosphorylates the IB kinase (IKK) complex, leading to IB phosphorylation and subsequent NF-B activation. 26 TNF-receptor-associated factor 2, an upstream docking protein linking NIK in the TNF-␣ signaling pathway, has been shown to be the bifurcation point of TNF-␣-induced activation of NIK-NF-B and activation of JNK or p38 pathways. 27 NIK has not been involved in the activation of JNK and p38 kinases. 27 In this study, adiponectin associated with HAECs in a saturable manner and dose-dependently accumulated cAMP in HAECs. It has been reported that activation of cAMP-PKA signaling attenuated NF-B activity through stabilization of IB-␣, although its precise mechanism has not been clarified. 21, 22 Adiponectin specifically suppressed TNF-␣-induced activation of the IB-␣-NF-B pathway without affecting the phosphorylation of JNK, p38, or Akt kinase, indicating that adiponectin reduced the TNF-␣-induced NF-B signaling pathway at the level between NIK and IB-␣. The suppressive effect of adiponectin on IB-␣ phosphorylation was completely blocked by the antagonists of the adenylate cyclase pathway, although these agents did not fully reverse the mRNA levels of monocyte adhesion molecules. These results suggest that adiponectin may have a cAMP-PKAindependent effect on TNF-␣-induced adhesion molecule expression. Recently, Akt kinase-mediated IKK phosphorylation was reported to activate the IB-NF-B pathway. 20 Because adiponectin did not affect TNF-␣-stimulated Akt kinase, TNF-␣-induced mRNA levels of monocyte adhesion molecules might be partially decreased by adiponectin treatment. In summary, adiponectin affects the adenylate cyclasecoupled molecule and attenuates TNF-␣-mediated inflammatory response through cAMP-PKA pathway activation, although further investigation is needed to clarify the mechanism by which adiponectin activates the cAMP-PKA pathway.
Adiponectin, an adipocyte-specific plasma protein, acts as an endogenous biologically relevant modulator of endothelial cell responses to proinflammatory stimuli through cross talk between cAMP-PKA and NF-B signaling pathways. Our observations provide a fundamental mechanism for the link between obesity and vascular disease.
